By generalizing the statistical model for particle production to the spin degree of freedom of initially produced J/ψ, we study the spin projection Jy of J/ψ perpendicular to the reaction plane in peripheral heavy ion collisions at the LHC energy that leads to a strong, albeit of short duration, magnetic field. We find that for J/ψs produced directly from charm and anticharm quarks in the color singlet state, like that in the Color-Singlet Model, their yield in the presence of the magnetic field is larger for Jy = 0 than for Jy = 1 or −1. This leads to a spin asymmetry of finally produced J/ψ even after including their final-state scattering in the produced quark-gluon plasma.
I. INTRODUCTION
Compared with light hadrons, the J/ψ has larger binding energy and was suggested to survive high temperature and to be used as a probe of the early stage of the hot dense matter produced in relativistic heavy ion collisions [1] . Many observables on J/ψ, including the yield, the transverse momentum distribution, the rapidity distribution, and the elliptic flow, have been measured at the Super Proton Synchrotron (SPS) [2] [3] [4] , the Relativistic Heavy Ion Collider (RHIC) [5] [6] [7] [8] [9] [10] [11] [12] [13] , and the Large Hadron Collider (LHC) [14] [15] [16] , and they have also been studied using various models [1, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . All these observables are related to the identification of J/ψs and the measurement of their momenta. Although the spin degree of freedom of J/ψ has recently also attracted much attention in p+p collisions [27] [28] [29] [30] [31] , there is little discussion on the spin of J/ψ in A+A collisions. Because a strong magnetic field is produced transiently by the fast moving charged ions in their peripheral collisions [32] , which can reach an energy scale of GeV if the collision energy is very high [33] , it raises the interesting question on whether one can use it to probe how the J/ψ is produced from initial hard collisions.
In this paper, we calculate the spin asymmetry of prompt J/ψ at midrapidity in peripheral Pb+Pb collisions at the LHC energy by taking into account the effect of the magnetic field on its constituent heavy quarks that are produced from the fusion of gluons in initial binary collisions. Because charm and anticharm quarks carry opposite charges, their total magnetic moment is zero when their spins are parallel and nonzero when their spins are antiparallel. The energies of J/ψ with spin J y = 0 and with spin J y = ±1 in the direction of the magnetic field are thus different, and this is expected to lead to different yields for J/ψs with J y = 0 and J y = ±1 or a spin asymmetry of J/ψ. Because the strong magnetic field only lasts a short time in heavy ion collisions, its effect on the J/ψ spin asymmetry depends on how J/ψ is produced in the initial hard collisions. In the ColorSinglet Model (CSM) for J/ψ production [34] , the J/ψ is formed directly from the gluon fusion when the strength of the external magnetic field may still be appreciable. The spin state of J/ψ in this case is the same as that of the charm and anticharm quarks, and the relative yield of J/ψ in different spin states is then expected to be affected by the magnetic field. On the other hand, in the Color-Octet Model (COM) for J/ψ production [35] , the charm and anticharm quark pair is first produced in a color octet state and then converts to a J/ψ by emitting a gluon at a much later time when the strength of the magnetic field has significantly diminished. As a result, the spin orientation of produced J/ψ in the COM is random and no spin asymmetry of J/ψ is expected to be produced in this case. Because it has been shown that both the p T spectrum and the polarization of J/ψ in p+p collisions at the Tevatron energies can be reproduced by the upper limit of a higher order calculation in the CSM [36] , we shall assume in the present study that J/ψ production in heavy ion collisions at the LHC can be described by the CSM. By using the statistical hadronization model [37, 38] for these initially produced J/ψ, we then calculate the fraction F of produced J/ψs with J y = 0 to determine the spin asymmetry of J/ψ in heavy ion collisions at the LHC. We remind the readers that the COM is an alternative model for J/ψ production, and there is no spin asymmetry of produced J/ψ in this case. Such a difference in the spin asymmetry of J/ψ can be used to probe the production mechanism of J/ψ in the initial hard collisions. This paper is organized as follows. In Section II, we give a simplified description of the magnetic field pro-duced in heavy ion collisions. The motion in the phase space and the spin evolution of J/ψs in the medium is described in Section III, with the initial conditions introduced in Section IV. We then show in Section V the numerical results for the spin asymmetry of J/ψ in heavy ion collisions at the LHC energy. Finally, a summary is given in Section VI.
II. THE MAGNETIC FIELD IN RELATIVISTIC HEAVY ION COLLISIONS
Because most of the net charges pass through each other in peripheral collisions of heavy ions at relativistic energies, all the nucleons can be essentially regarded as spectators. The magnetic field in these collisions can be calculated by superposing the Liénard-Weichert (LW) potentials generated by the two colliding nuclei. For two nuclei A and B with their centers at x A = b/2 and x B = −b/2, respectively, on the x-axis at time t = 0, where b is the impact parameter of the collision, and with velocity v parallel and anti-parallel, respectively, to the unit vector e z along the z-axis, the magnetic field at r = (x, y, z) is
In the above, e is the charge of a proton, α = e 2 /(4π), and Z * A(B) (r 0 ) ≡ r0 0 dr 4πr 2 ρ eA(B) (r) is the effective charge inside a volume of radius r 0 and charge density distribu-
In a peripheral collision, the magnetic field at the center of the collision is dominated by the y-component
. (2) In the special case of A=B and r = 0, t = 0, we obtain −eB The slope k s above, as well as the maximum value of the magnetic field at LHC energy, is one order of magnitude larger than that at RHIC energy, mainly because of the larger Lorentz contraction factor γ, so that the field is localized in a smaller region. Another consequence of the strong contraction is that the field decreases quickly. For |t| ≫ b/(2γ) and |t| ≫ R/γ, one finds −eB LW y (0, t) = αvbZ/(γ 2 |t| 3 ). Therefore, the large magnetic field decreases very fast at a later time of the collision as eB
Because a large number of charged particles are produced in relativistic heavy ion collisions, the decreasing magnetic field can induce a current in the medium which in turn slows down the decrease of the magnetic field. However, the initial strong magnetic field still cannot be sustained because of the fast expansion of the system in the longitudinal direction. In the large conductivity limit, the flux of magnetic field is constant, and the magnetic field thus can be approximately expressed as
where L = L(x T ) is the longitudinal thickness of the fireball at transverse coordinate x T and time t = 0. In our calculations below, we take
and the radius R = 6.624 fm is determined from the parametrized Woods-Saxon distribution of electric charges in a Pb nucleus [39] .
In Fig. 2 , we show the time evolution of the magnetic field in Pb+Pb collisions at the LHC energy. It can be seen that the free magnetic field −eB is proportional to t −3 . With the inclusion of the strong medium effect, the magnetic field −eB y decreases fast at the very beginning of the collision owing to the large expansion rate relative to its small initial volume, but the decrease slows down as −eB y ∝ 1/t at later times. In our following calculations, we use the the magnetic field with the medium effect. Otherwise, the effect of magnetic field on the spin asymmetry of J/ψ is even stronger.
III. THE TRANSPORT APPROACH
The motion of J/ψ in the medium is influenced by several effects. When the temperature is higher than the dissociation temperature T D of J/ψ, the charm and anticharm quarks can no longer form a bound state as a result of the screening effect. We take the value of T D to be the same as that in Ref. [40] , where the velocity dependence of T D due to finite response time of the medium to the charm quarks inside J/ψ is considered. For those surviving J/ψs, their distribution function f ψ (x, p, t) at coordinate x, momentum p and time t is described by the following transport equation:
with f ψ = f 1 −2 −4 −1 being a square root of the identity matrix, and α, β and γ are the dissociation rate, the regeneration rate and the spin flipping rate of J/ψ, respectively. The solution of Eq. (4) is
In the above, f ψ (x, p, t 0 ) is the initial distribution at time t = t 0 , and
governs the time evolution with
controling the dissociation of the charmonium and the flipping of its spin, respectively. Besides the time dependence shown explicitly, K, A, and G all depend on x and p. Although the ratio ǫ ≡ γ/α of the average spin flipping cross section to the average dissociation cross section depends on details of both processes and thus the temperature of the medium and the velocity of J/ψ, we take it as a constant for simplicity and show the results for different values of ǫ. From the above equations, we find that the spin flipping process leads to the following evolution of the fraction
as long as it is not dissociated. For the J/ψ dissociation rate, it can be expressed as
In the above, p = (E ψ , p) and k = (E k , k) are the momentum of the charmonium and the gluon, respectively, and f th g (k, u, T ) is the local thermal distribution of gluons with the local velocity u µ and temperature T determined by the hydrodynamic model as described in the last paragraph of this section. σ(k, p) is the cross section of the gluon dissociation process J/ψ + g →c + c, which is obtained by using the operator product expansion [41] [42] [43] [44] .
Besides the dissociation of J/ψ, the inverse process c +c → J/ψ + g is included through the regeneration rate
In the above, W (s) is the transition probability, which is related to the dissociation cross section σ in Eq. (10) by the detail balance relation, and p, k, q c , qc are momenta of the J/ψ, gluon, charm and anticharm quarks, respectively, and f c , fc and f th g denote distribution functions of corresponding particles. f th g is taken as thermal distribution as in the dissociation rate α. For simplicity, we also assume kinetic thermalization for the heavy quarks, i.e. the momentum distribution is thermal while the density ρ c respects the conservation law
where v c is taken as the velocity of the medium u/u 0 . The excited states are considered in the same way, but with different dissociation cross sections [43, 45] and lower dissociation temperatures as in Ref. [40] .
For the dynamics of heavy ion collisions, which is needed to describe charmonium suppression and regeneration, we use a 2+1 dimensional ideal hydrodynamics with the assumption of boost invariance [46] . The equations of state (EoS) is taken as an ideal gas of hadrons and partons in the confined and deconfined phases, respectively, with a first order phase transition at T c = 165 MeV [47, 48] . The initial condition is determined by the Glauber model, and the maximum temperature of the fireball in collisions at impact parameter b = 10.5 fm is 353 MeV at the thermalization time t 0 = 0.6 fm. The parameters for the fireball are the same as those used in Ref. [40] . Although this model is admittedly crude compared to currently available hydrodynamic models, it is useful for the present exploratory study of the spin asymmetry of J/ψ in relativistic heavy ion collisions.
IV. THE INITIAL DISTRIBUTION
The initial conditions for Eq. (4) include the unpolarized distribution f ψ (t 0 ) = f 0 ψ (t 0 ) + f ± ψ (t 0 ) and the initial fraction f (t 0 ) of J/ψs with spin J y = 0. The former is obtained according to the Glauber model with the differential cross section for J/ψ in pp collisions parameterized as [49] 
In the above, y and p T are the rapidity and transverse momentum of J/ψ, respectively. For the parameters, ξ = 0.39 is a constant, and y m ≡ ln( √ s N N /m J/ψ ) is the maximum rapidity of a J/ψ with its mass m J/ψ produced at the beam energy √ s N N , with
where B(x, y) is the Beta function. The experimental results from the ALICE Collaboration implies n = 3.9 and p T = 2.3 GeV [49] at forward rapidity 2.5 < y < 4. We further assume that the rapidity dependence of p
which well reproduces the results at RHIC [50, 51] . We take n = 3.9, p 2 T y=0 = 9.0 GeV 2 and dσ/dy| y=0 = 3.6 µb according to above parameterization and the experimental results [49, 52] . The Cronin effect is also considered in our calculation by smearing the momentum distribution from pp collisions [21, 40] .
In the statistical hadronization model, the ratio of yields of different particles are determined by the thermal distribution, which successfully explains not only the experimental results in A+A collisions [37] but also that in pp, pp and e + e − collisions [53] . For heavy flavors production in e + e − collisions, the statistical model also describes the relative yields of different species of D-mesons and B-mesons very well [54, 55] . We generalize this assumption to the spin degree of the constituent heavy quarks in both initially produced quarkonia from p+ p collisions and regenerated quarkonia from the QGP. The relative yields of the four spin states of heavy quark pairs are thus | ↑↑ : | ↓↓ : | ↑↓ : | ↓↑ = 1 : 1 : e −E/T eff : e +E/T eff , (17) where |↑ and |↓ denote different spin states of a heavy quark, and the energy difference between them is
In the above, q = Qe is the electric charge of a charm quark with Q = 2/3, and m c is the mass of the charm quark. Although the temperature of the fireball would be high at the very beginning if it could be defined, neither thermal equilibrium nor chemical equilibrium between the heavy flavors and the medium is expected to be reached so early [56] [57] [58] [59] . The behavior of heavy flavors is thus dominated by that in elementary p + p collisions. In our calculations, the effective temperature T eff = 0.17 GeV is taken as the same as that in e + e − collisions [54] 1 , which is also similar to that in heavy ion collisions [37] . Note that the J/ψ with J y = 0 is a mixed state of |↑↓ and |↓↑ , the yield of J/ψs with different spins are related as |J y = 1 : |J y = −1 : |J y = 0 = 1 : 1 : cosh(E/T eff ). 1 Based on PYTHIA [60, 61] simulations for p + p collisions at 2.76 TeV, the effective temperature is estimated to be also 0.17 GeV for the yields of K 0 and K * 0 but is somewhat smaller for those of D and D * mesons, which would increase the effect of the magnetic field. 2 The duration of the magnetic field is short compared with the inverse energy change of J/ψ due to the magnetic field. Therefore, the Hamiltonian of the system changes suddenly, and both |↑↓ and |↓↑ contribute to J/ψ, which is different from an adiabatic process.
Thus the fraction of the J y = 0 component is
In the absence of a magnetic field, i.e. E = 0, we have f = 1/3. The maximum magnetic field −eB y = 1.1 GeV 2 at b = 10 fm shown in Fig. 2 leads to an energy difference in Eq.(18) E max = 0.5 GeV comparable to T eff , which gives an upper limit of the fraction f max = 0.83. For a charm pair produced from an initial nucleon-nucleon binary collision, they are affected by the magnetic field only after a formation time t f when they are formed, which is much shorter than the formation time of J/ψ, which is in the order of the inverse of its binding energy according to the uncertainty relation. We assume that the formation time follows a Poisson distribution with the average value t f = 1/(2E T ) estimated by the uncertainty relation, where E T is the transverse energy of the J/ψ. For regenerated J/ψ from charm quarks in the quark-gluon plasma, which is important for low p T J/ψ in heavy ion collisions at the LHC energy [62, 63] , the energy difference of J/ψs with different spin states is negligible, because they are produced after the formation of the quark-gluon plasma at a time scale of t ∼ 1 fm [64] when the magnetic field is several orders of magnitude smaller. The regenerated J/ψ thus have equal probabilities in its different spin states, and the fraction f (τ ′ ) in Eq. (11) is 1/3.
V. RESULTS
Before discussing the spin structure of J/ψ, we first show in Fig. 3 the transverse momentum dependence of its nuclear modification factor R AA (p T ) in peripheral collisions at impact parameter b = 10.5 fm. Because the suppression of initial J/ψs with high transverse momentum is weak [8, 40] , the suppression at high p T is mainly due to the excited states that can hardly survive. As a result, the R AA at high p T is only slightly larger than the fraction 0.6 [45] of direct J/ψs. Because charm quarks interacts strongly with the medium, which is indicated by the fact that the flow of D-mesons is comparable to that of light-flavor hadrons [65] , we have assumed that they are kinetically thermalized and most likely to have relatively small transverse momentum. As a consequence, the regenerated J/ψs, which are produced from these small transverse momentum charm quarks, contribute only to the low p T region. Due to the competition of the initial production and the regeneration, there appears a minimum at p T = 4 GeV. By integrating the transverse momentum, the total R AA is found to be 0.65, which is consistent with recent experimental results. [66] .
The x and p T integrated fraction F ≡ N Jy=0 /N of J/ψ in the final state with no spin flipping in QGP (ǫ = 0) is shown in Fig. 4 , where N Jy=0 and N are the yield of J/ψ with J y = 0 and the total yield, respectively. Because the formation time of charm quark pairs t f = 1/(2E T ) is 0.03 fm at p T = 0, which is large compared with the time for the magnetic field to decay (see Fig. 1 ), only a small part of the charm pairs feels the magnetic field. For those J/ψs of p T = 10 GeV, the average formation time of the charm pairs t f = 0.01 fm is much smaller, and more charm pairs would have spin asymmetry. The fraction F for initially produced J/ψ thus increases with transverse momentum. The regenerated J/ψs are produced much later and thus are not affected by the magnetic field, leading to F = 1/3. Because the regeneration contributes the most to the population of finally observed J/ψs at low p T , as shown in Fig. 3 , the fraction F is near 1/3 at p T ≈ 0. On the other hand, the F at high p T is essentially the same as that of the initially produced ones because their dominance in J/ψ production at p T > 5 GeV. As a result, the fraction F increases monotonously with p T from 0.34 to 0.42. Besides the inelastic scattering of J/ψs in the QGP, there are also the elastic scattering that can flip their spins. In Fig. 5 , we show the final fraction F for different spin transition coefficient ǫ that was introduced in Section III to denote the ratio of the average flipping cross section to the average inelastic cross section. The elastic collision of the J/ψ with the partons in QGP is usually considered as negligible in most of the models [24, 67, 68] , which is verified by the small elliptic flow of J/ψ at RHIC [13] . In this case, there is no spin transition, that is ǫ = 0 as already shown in Fig. 4 . It is obvious from Eq.(9) that the random flipping makes the fraction approach 1/3. For ǫ = 0, there is no flipping, and the fraction F can be as large as 0.42 around 10 GeV. Even if the flipping cross section is the same as the dissociation cross section, i.e. ǫ = 1, the fraction F can still be above 0.39 at p T = 10 GeV, which is obviously larger than 1/3. For a more realistic value of ǫ, which would be strongly model dependent, the spin fraction is expected to lie between these two extreme cases. We recall that the above discussion is based on the CSM scenario. If J/ψ production is described by the COM, the J/ψs mainly come from the spin singlet state of initially produced charm and anticharm quark pairs after the emission of a gluon [69] . In this case, no J/ψ spin asymmetry is expected, and the fraction is simply 1/3 as shown by the dashed line in Fig. 5 . Our results thus suggest that the measurement of the spin asymmetry of J/ψ in heavy ion collisions can help understand its production mechanism in initial hard collisions.
VI. CONCLUSIONS AND OUTLOOK
By generalizing the statistical hadronization model to the spin degree of freedom, we have calculated the influence of the magnetic field existing in the early stage of peripheral heavy ion collisions on the spin asymmetry of produced J/ψ at the LHC energy. The fraction of J/ψs with spin J y = 0 is found to be above 1/3 and to increase in peripheral Pb+Pb collisions with the transverse momentum in the CSM scenario, while it is 1/3 in the COM scenario. Our finding thus indicate that studying the spin asymmetry of J/ψ produced in relativistic heavy ion collisions provides the information of how the J/ψ is produced in the initial hard collisions. The present work can be generalized to study the asymmetry of dileptons produced in the initial stage of relativistic heavy ion collisions.
